Background and Aims The distribution of polyploidy along a relatively steep Andean elevation and climatic gradient is studied using the genus Fosterella L.B. Sm. (Bromeliaceae) as a model system. Ecological differentiation of cytotypes and the link of polyploidy with historical biogeographic processes such as dispersal events and range shift are assessed.
INTRODUCTION
Polyploidization (i.e. multiplication of the whole chromosome set) has a major effect on the evolution of plants as essentially all angiosperms are thought to have a polyploid background (Masterson, 1994; Soltis et al., 2015; McKain et al., 2016) . Any polyploidization event has an immediate and massive impact on the whole genome, creating variation by, for example, novel allelic combinations, gene dosage, heterosis, regulatory interactions, enhanced meiotic recombination or altered epigenetics, which finally result in a greater biochemical diversity (Chen, 2010; Pecinka et al., 2011; Finigan et al., 2012) . After a successful establishment, polyploids compared with their diploid progenitors experience a phase of lower mutational load, have increased heterozygosity (Levy and Feldman, 2002; Comai, 2005) and are considered to evolve faster, at least when the beneficial mutations are partially dominant and when the population size is small to moderate (Otto and Whitton, 2000) .
Currently, the evolutionary significance of polyploidy is controversially discussed, and some authors consider most polyploids as 'evolutionary dead-ends', or 'blind alleys' (Mayrose et al., 2011; Arrigo and Barker, 2012 ; but see Soltis et al., 2014) . Nevertheless, at any diversification rate, newly acquired variation in polyploids is often assumed to lead to higher fitness (Parisod et al., 2010) , change in ecological amplitude (Ramsey, 2011; te Beest et al., 2012) and/or range expansion (Hijmans et al., 2007) , although this pattern is not universal (Glennon et al., 2014) . Empirical findings and several hypotheses suggest that polyploids are better adapted to extreme climates than diploids, and patterns of habitat segregation between diploids and polyploids show that the latter tend to occur in relatively harsher environments (e.g. arid, arctic, alpine or artificially disturbed habitats) (Stebbins, 1985; Brochmann and Elven, 1992; Manzaneda et al., 2012) . Interestingly, the formation of unreduced gametes, through which polyploids are frequently formed, is often triggered by environmental factors such as temperature, water and nutrient deficiency (McHale, 1983; Hao et al., 2013) . On the other hand, non-adaptive historical processes (e.g. biogeographic history, dispersal events) or neutral demographic processes related to niche differentiation followed by less competition with the diploid progenitors can also correlate with expansions and reveal similarly contrasting ecological patterns (Barker et al., 2016; Laport et al., 2016) . It has been shown that on the population level, the niche differentiation might be an important way to escape the minority cytotype exclusion (Levin, 1975) , which could be further reinforced by alterations in reproductive mode, such as increased selfing (Fausto et al., 2001; Rausch and Morgan, 2005) , higher assortative mating (Husband and Sabara, 2004) or asexuality (Paule et al., 2011) .
The role of polyploidy in the formation of the hyperdiversity of the Neotropics is still understudied. This is a particularly interesting issue if relatively steep elevation and climatic gradients are present, which is the case in the Andes. Fosterella L.B. Sm. (Bromeliaceae, Pitcairnioideae) is a Neotropical Central and South American genus of 31 species (Peters et al., 2008; Peters, 2009) . It is distributed from the Peruvian Andes to northern Argentina and Paraguay, with three disjunctions in Central America, the Amazon Basin and azonal rock outcrops of the Brazilian Shield. Recent phylogenetic analyses (Rex et al., 2007 (Rex et al., , 2009 Wagner et al., 2013) revealed six infrageneric lineages, i.e. the albicans, rusbyi, micrantha, weberbaueri, weddeliana and penduliflora groups. Fosterella species are terrestrial and/or lithophytic rosette plants with mostly whitish flowers. Most species are narrow endemics; only F. albicans, F. micrantha, F. weberbaueri and in particular F. penduliflora have a broader distribution range (Peters et al., 2008; Peters, 2009) . The centre of species diversity is located in the Bolivian Andes (Peters, 2009) , in which seasonally dry tropical forests (SDTFs) are considered ancestral biomes of the genus, with the disjunct areas and biomes colonized by several dispersal events . Similar to other Bromeliaceae (Gita ı et al., 2014) , the basic chromosome number in Fosterella is x ¼ 25 and polyploidy (2n ¼ 4x ¼ 100, 2n ¼ 6x ¼ 150), in addition to diploidy, has also been recorded (Lindschau, 1933; Doutreligne, 1939; Marchant, 1967; Brown and Gilmartin, 1984 , 1986 , 1989 Brown et al., 1997) . However, the taxonomic and geographic distribution of the ploidy levels within Fosterella is as yet unknown as only a limited number of taxa and individuals have been studied.
In the present study that includes 22 Fosterella species from the genus-wide distribution range, we aimed to test the hypothesis of niche differentiation in diploids vs. polyploids by flow cytometric ploidy screening in combination with the evaluation of habitat characteristics (climatic variables). In particular, we addressed the following three questions. (1) What is the taxonomic extent of the ploidy variation within the genus Fosterella? (2) Is there a geographic and/or ecological pattern in the ploidy distribution? If yes, how strong is the habitat differentiation between different cytotypes? (3) Does the ploidy distribution correlate with the historical biogeography of the genus, i.e. could some of the dispersal events (range shift) be attributed to polyploidy?
MATERIALS AND METHODS

Plant material
Altogether, 159 individual plants were sampled, covering 22 out of 31 currently recognized Fosterella species (Peters et al., 2008; Peters, 2009; Luther, 2012) and one additional undescribed species (E. Leme, pers. comm.). The studied material included 1-44 accessions per species, 1-5 (but mostly one) individuals per population, and fully covers the known distribution range of the genus (apart from the disjunct F. nicoliana from Peruvian Amazon). The majority of Fosterella species have narrow distribution ranges, and for most of them even a single sample per species might adequately represent the biological reality. For three out of four widespread species, ten or more samples were analysed, fully covering their distribution ranges. The taxonomical assignments are based on the most recent revision of the genus (Peters et al., 2008; Peters, 2009 ). Ninety-seven, 24, three, one and one accessions were obtained from the Botanical Gardens of the University of Kassel, University of Heidelberg, University of Vienna, Palmengarten Frankfurt and the private collection of Elton Leme, respectively. Plants grown in botanical gardens were originally collected as living material and reproduced clonally through offshoots (pups). Thirty-five samples were collected directly in the field and immediately dried in silica gel. A list of all studied samples, their geographic origin, collection history and herbarium voucher information are provided in the Supplementary Data Table S1 .
For the map-based presentation of the data and later analyses, collection localities were transformed into geographic coordinates (WGS84) with a spatial precision of 5 km. The coordinates for the field-collected material were obtained using a hand-held GPS unit. For all types of the geographical presentation, ArcView-ArcGIS v10.1 (ESRI, Redlands, CA, USA) was used.
DNA ploidy level estimation
DNA ploidy levels were estimated by flow cytometric analyses of young fresh leaves using the Partec CyFlow space (Partec, Münster, Germany). Leaf tissues of the analysed sample and the internal standard (Glycine max 'Polanka', 2C ¼ 2Á50 pg; Dole zel et al., 1994) were chopped together using a razor blade in a plastic Petri dish containing 1 mL of ice-cold Otto I buffer (0Á1 M citric acid, 0Á5 % Tween-20; Otto, 1990; Dole zel et al., 2007) . The suspension was filtered through Partec CellTrics V R 30 lm to remove tissue debris and incubated for at least 10 min at room temperature. Isolated nuclei in filtered suspension were stained with 1 mL of Otto II buffer (0Á4 M Na 2 HPO 4 Á12H 2 O) containing the AT-specific fluorochrome 4 0 ,6-diamidino-2-phenylindole (DAPI; 4 lg mL -1
) and b-mercaptoethanol (2 ll mL -1 ). The relative fluorescence intensity was recorded for 3000 particles, and measurements of 21 samples were repeated up to four times. Sample/standard ratios were calculated from the means of fluorescence histograms visualized using the FloMax v2.4d software (Partec). Only histograms with coefficients of variation (CVs) <5 % for the G 0 /G 1 peak of the analysed sample were considered; otherwise plants were reanalysed.
The same protocol with minor modifications was also applied to silica gel-dried material (Suda and Tr avn ı cek, 2006) . The leaf samples (approx. 0Á5 cm 2 ) were incubated in 1Á5 mL of Otto I buffer for 0Á5-1 h in order to rehydrate, and after cochopping with an appropriate amount of the standard, incubated for at least 20 min at room temperature in Otto II buffer. The relative fluorescence intensity was recorded from up to 5000 particles. The DNA ploidy level was attributed on the basis of the regression of sample/standard ratios against the ratios of the chromosome counted individuals (Mendes et al., 2013; Silva et al., 2016) for particular classes of sample/standard ratios.
Climatic characterization of habitats
In order to explore the influence of local environment, especially of the climatic conditions, climate data were extracted from the WorldClim v1.4 (Hijmans et al., 2005) and tested for their ability to differentiate between ploidy levels. Climatic variables are particularly useful for classification of habitats in topographically heterogeneous systems such as the Andes (Josse et al., 2003) . WorldClim provides gridded temperature and precipitation data and derived variables. Distribution data from the studied material were assembled with two additional published localities Gilmartin, 1984, 1989 ; Table  S1 ) and climatic information was extracted from 19 variables of the WorldClim data set (Bio1-Bio19) with a resolution of 30 arc-seconds (i.e. approx. 1 km 2 ; Table S2 ). Although polyploids represent lineages with multiple origins, we aimed to characterize general trends of habitat and climatic differentiation of diploids and polyploids within the genus Fosterella, similarly to what was done in Solanum section Petota (Hijmans et al., 2007) . Nineteen climatic variables (listed in Supplementary Data Table S2 ) were obtained for a total of 117 unique locality data points. Because of a possible shift in the distribution of the climatic variables for diploids due to the disjunct distribution of F. micrantha and F. batistana, analyses were carried out with and without these taxa. However, the results were virtually identical (i.e. disjunct areas obviously represent similar climatic niches) and here only the analyses covering the whole sampling are shown.
Data analyses
Statistical computations were performed in R v3.2.2 (http:// www.r-project.org). Climatic preferences of the ploidy levels (diploid vs. polyploid) were assessed by non-parametric Wilcoxon rank-sum test (¼ Mann-Whitney U-test) as some of the variables did not fulfil the normality assumption (ShapiroWilk test). The data were visualized using box plots. Climatic niches of diploids and polyploids were also compared using principal component analysis (PCA) on all 19 bioclim variables using the function 'dudi.pca' from the R package ade4 v1.4-14 (Chessel et al., 2004) based on a correlation matrix. An additional linear discriminant analysis was carried out using the 'lda' function from the MASS package v7.3-44 (Venables and Ripley, 2002) based on 'ploidy' (diploid vs. polyploid) as a grouping variable. The discriminant analysis was also computed on a data set in which variables from variable pairs with absolute values of correlation coefficients >0Á8 were removed.
Ancestral chromosome number reconstruction
Within a dated phylogeographic framework of Wagner et al. (2013) , ancestral chromosome number reconstruction was carried out in order to determine the occurrence of polyploidizations in the genus Fosterella spatially and temporally. Estimates of ancestral chromosome numbers were inferred using maximum likelihood (ML) under the Markov kstate 1 (Mk1) parameter model, using the software Mesquite v2.74 (Maddison and Maddison, 2010) . Mk1 implements a single parameter for the rate of change among any character state (Lewis, 2001) . Different chromosome numbers were coded as categorical characters, and proportional likelihood (PL) values were used to determine which ancestral state was the most likely. The analyses were carried out on the basis of the maximum clade credibility chronogram as shown in appendix S3 of Wagner et al. (2013) .
RESULTS
DNA ploidy levels and cytotype distribution
A total of 159 individuals of Fosterella were analysed by flow cytometry (Table S1 ). Coefficients of variation for the G 0 /G 1 peak of the analysed samples ranged from 1Á44 to 4Á82 (mean ¼ 2Á84). Mean sample/standard ratios and chromosome counts for each species are summarized in Table 1 . On the basis of the calibration measurements with chromosome-counted individuals (Mendes et al., 2013; Silva et al., 2016) , the relative genome size seems to be fairly well conserved within the genus. Hence four distinct classes of sample/standard ratios were identified with a mean (6s.d.) of 0Á297 (60Á018), 0Á439, 0Á554 (60Á008) and 0Á788 (60Á010). These classes corresponded to the diploid (111 individuals), triploid (one), tetraploid (four) and hexaploid (43) DNA ploidy level ( Fig. 1 ; Table S1 ). The ploidy was largely uniform within taxa (Table 1) , and diploids (2n ¼ 50) and hexaploids (2n ¼ 150) were the most common cytotypes.
Apart from one triploid accession, polyploidy was limited to the phylogenetically isolated penduliflora and rusbyi groups. Within these groups, both diploid and polyploid taxa were found. In the penduliflora group, hexaploids (42 individuals) and tetraploids (two individuals) were recorded in F. penduliflora. In the rusbyi group, polyploids were restricted to F. yuvinkae (two individuals) and F. sp. nov. (aff. hatschbachii) (one individual). The triploid individual (JP06Á0037) was recorded in otherwise diploid F. albicans. Interestingly, the triploid was found growing in sympatry with a tetraploid F. penduliflora. The geographic distribution of the cytotypes is apparently not random and reveals an interesting pattern (Fig. 2) . Thus, the majority of the diploids are distributed in the Andes northwards from the latitude 19 S, while the polyploids mainly occur south of this latitude. Moreover, there are several occurrences of polyploids in the Andean foreland, and the distribution ranges of the cytotypes partially overlap (Fig. 2) .
Habitat differentiation
The results of the non-parametric Wilcoxon rank-sum test of each climatic variable between diploids and polyploids are shown in Fig. 3 . Highly significant differences (indicated by asterisks) were revealed for temperature-as well as precipitation-related variables, pointing to an ecological differentiation between the two ploidy groups (Fig. 3) . Hence, polyploids tend to occupy colder habitats with higher seasonal temperature differences (Bio3, Bio4, Bio6 and Bio7) as well as with lower precipitation (Bio12, Bio13, Bio14, Bio16 and Bio17). Less significant differences were also observed for some of the remaining variables (Fig. 3) .
Additionally, climatic niches of diploids and polyploids were compared by a PCA on a full set of 19 WorldClim variables (Fig. 4A, B) . Together, the first two axes (PC1, PC2) explained 65Á1 % of the total variance among the variables (the first five components account for 93Á9 %). The directionality of the loadings for PC1 and PC2 was quite variable, but, in general, one axis was related to variation in temperature while the other was associated with variables related to seasonality. PC1 (explains 47Á3 % of the variance, Table S2 ) corresponds to a gradient in temperature, with a mean temperature of the driest (Bio9) and the coldest (Bio11) quarter and the annual mean temperature (Bio1) showing the strongest correlations ( Fig. 4B ; Table S2 ). Environments with the lower temperature ranges load positively, while the warmer sites load negatively. Loadings of variables for PC2 (explains 17Á7 % of the variance, Table S2 ) mainly correspond to variation related to seasonal differences in temperature, being strongly correlated with temperature annual range (Bio7), isothermality (Bio3) and temperature seasonality (Bio4) (Fig.  4B , Table S2 ). Environments with the lower annual Chromosome counts are taken from Mendes et al. (2013) and Silva et al. (2016) . Samples are ordered into species groups based on the most recent phylogeny or on the morphological revision of the genus (Peters, 2009). variability in temperatures load positively, whereas the higher annual variability loads negatively.
Strong but incomplete niche overlap between diploids and polyploids was further substantiated by discriminant analysis, in which the overall predictive accuracy was 94Á87 % and 92Á31 % (data without highly cross-correlated variables, Supplementary data Table S3 ). Hence, similarly to what was shown by pairwise significance tests, our data indicate that polyploids occupy colder habitats with higher annual temperature variability (seasonality).
Ancestral chromosome number reconstruction
Ancestral chromosome numbers as calculated using ML under Mk1 for internal nodes, and recent chromosome numbers at branch tips are shown in Fig. 5 . Not unexpectedly, the ancestral chromosome number inferred for Fosterella was 2n ¼ 50 with a PL value of 0Á99. For all except two nodes, a diploid ancestral chromosome number of 2n ¼ 50 was inferred (PL ¼ 0Á99-1Á00) as well. One node representing a common ancestor of diploid F. gracilis and polyploid F. penduliflora (node 5 in Wagner et al., 2013) showed an ambiguity corresponding to either 2n ¼ 50 (PL ¼ 0Á79) or 2n ¼ 150 (PL ¼ 0Á19). A minor ambiguity was also present in the node separating triploid F. yuvinkae and diploid F. windischii (PL ¼ 0Á02, PL ¼ 0Á97). Thus, polyploidization events were identified as singular and comparatively recent events (Fig. 5 ).
DISCUSSION
Our study on Fosterella represents the first assessment of intrageneric, intraspecific and partially intrapopulational cytotype diversity of a genus of the Bromeliaceae family, sampling its whole distributional and altitudinal range as well as the majority of its species. The results are complementing currently available data and underline the importance of polyploidy in the evolution of the genus Fosterella.
Cytogeography and speciation
Our results on the taxonomic distribution of ploidy levels in Fosterella agree with the previously published reports for F. penduliflora, F. rusbyi, F. villosula and F. weberbaueri (Lindschau, 1933; Doutreligne, 1939; Marchant, 1967; Gilmartin, 1984, 1989; Brown et al., 1997, and polyploidy was restricted to four taxa from two species groups (Table 1; Table S1 ). All polyploid taxa, apart from triploid F. albicans, are taxonomically recognized as separate species (Peters, 2009 ). Interestingly, F. yuvinkae accessions of different ploidy (4x, 6x) are placed on different branches of a phylogenetic tree based on plastid DNA (Fig. 5) , suggesting that the taxonomic classification might have to be reconsidered in this case. Cytotypes show an interesting geographic structure, with a majority of the polyploids limited to the area southwards from 19 S and a few additional northern occurrences in the Andean foreland (Fig. 2) . This pattern supports a parapatric ploidy differentiation associated with speciation events similar to that observed in other South American genera such as Berberis, Solanum and Polylepis (Bottini et al., 2000; Hijmans et al., 2007; Schmidt-Lebuhn et al., 2010) . Interestingly, the geographical distribution of the ploidy variation in Solanum leptophyes (Hijmans et al., 2007) shows a pattern that is almost identical to the ploidy distribution in the genus Fosterella.
The parapatric split of the diploid vs. polyploid cytotypes may result from several mutually non-exclusive processes such as reproductive isolation of cytotypes (Husband and Sabara, 2004) , adaptive ecological differentiation (Felber-Girard et al., 1996; Hülber et al., 2009) or non-adaptive historical processes (e.g. biogeographic history, dispersal events) (Schmickl et al., 2012; Dobe s et al., 2013; Linder and Barker, 2014) .
Reproductive isolation
Reproductive isolation seems to play a minor role in the cytotypic parapatry of Fosterella. There is evidence that at least some of the diploid taxa are interfertile, and reproductive barriers among diploids may also be low under natural conditions (Wagner et al., 2015) . Recent experimental crosses with polyploid F. penduliflora as one parent and several diploid species as the other parent led to the formation of morphologically intermediate hybrid plants (N. Wagner, unpubl. res.). on the non-parametric Wilcoxon rank-sum test (*P 0Á05, **P 0Á01, ***P 0Á001).
Interestingly, one F. albicans sample (JP06Á0037) in our study proved to be triploid. Based on Peters (2009) , this individual shows taxonomically ambiguous characters and was sampled from within a tetraploid F. penduliflora population. Triploidy suggests a hybrid origin with a tetraploid F. penduliflora and a diploid F. albicans as presumed parents. The occurrence of a viable triploid cytotype supports weak reproductive barriers even among plants with different ploidy levels. An allopolyploid origin of F. penduliflora is suggested by conflicting tree topologies of nuclear amplified fragment length polymorphism (AFLP; Rex et al., 2007) and chloroplast DNA sequence markers (Rex et al., 2009; Wagner et al., 2013) , as well as high population genetic differentiation from the sister species F. gracilis (Wagner, 2012) . Hence, triploidy may in fact represent an important intermediate step in the allopolyploid evolution of the hexaploid F. penduliflora.
Ecological differentiation
Ecological differentiation among different cytotypes by means of habitat differentiation and spatial segregation is a thoroughly discussed topic and implies adaptive processes (e.g. Levin, 2002; Thompson et al., 2014) . Our data indicated that Fosterella polyploids occupy slightly drier and colder habitats with higher annual temperature variability than the diploids. This is in line with the results of a study on the grass species Brachypodium distachyon (Manzaneda et al., 2012) , which demonstrated that aridity is an important predictor of polyploid occurrence, supporting an adaptive origin of the cytotype segregation by physiological data. Similarly, in polyploid Chamerion angustifolium, wider xylem conduits and 87 % higher hydraulic conductivity in polyploids than diploids was recorded (Maherali et al., 2009) , even though no significant difference in fitness between cytotypes in a subsequent transplant experiment was observed (Thompson et al., 2015) . The abovementioned studies are based on intraspecific comparisons between ploidy levels, whereas in our study polyploids are considered different species with multiple origins. Unfortunately, limited availability of samples precluded more detailed specieslevel comparisons of closely related diploid and polyploid lineages. However, common ancestors of clades in which polyploidy is recently present occupied similar niches still in Late Pliocene . Hence we assume that the mechanisms of climatic ploidy-level differentiation were similar (but see also below). In the family Bromeliaceae, a similar pattern was also recorded in the genus Orthophytum, in which the polyploid species are closely associated with xeric microhabitats and possess xeromorphic traits (e.g. coriaceous, densely lepidote leaves) while the majority of diploid taxa were found in more mesic to wet microhabitats (Louzada et al., 2010) .
Occurrence of the polyploid and absence of the diploid cytotypes/congeners in colder habitats has been commonly observed and is well supported by the fact that the majority of the arctic flora are polyploid (Brochmann et al., 2004) . In contrast, a higher tolerance of diploids to freezing was also recorded (Husband and Sabara, 2004; Hülber et al., 2009; Thompson et al., 2015) and it was attributed to a smaller cell size in diploids compared with larger cells in polyploids (Maherali et al., 2009) . In Fosterella, temperature seasonality and minimal temperature of the coldest month reach more extreme values in polyploids, but temperatures never drop below freezing point. The minimal temperature of the coldest month is, however, highly positively correlated with mean temperature of the driest quarter and highly negatively correlated with mean temperature of the wettest quarter (Table S3) . Accordingly, this signal might also result from the water availability. Even though we observed an interesting pattern, it remains unresolved whether polyploidy represents a truly adaptive advantage in the case of Fosterella. The causality between polyploidy and selective advantage in the new environment can only be proved experimentally, comparing the survival rates under simulated conditions or by reciprocal transplants.
Biogeographical history and dispersal events
In Fosterella, polyploidy was observed in two phylogenetic groups: the penduliflora and the rusbyi group. These are the only two groups of which some members colonized the area of azonal rock outcrops of the Brazilian Shield (Peters, 2009 ). In the penduliflora group, only the polyploid F. penduliflora is present in this area, whereas the diploid sister species F. gracilis is confined to the Andes. In the rusbyi group, the polyploid F. yuvinkae and F. aff. hatschbachii are distributed in the azonal rock outcrops along with the diploid F. windischii and F. vasquezii, representing a sub-clade of narrow local endemics According to the ancestral chromosome number reconstruction, polyploidy in the penduliflora group might have evolved as soon as in the Late Pliocene (approx. 2.8 Mya, Fig. 5 ). This was the period when massive climatic changes began, i.e. the global cooling after the collapse of the permanent El Niño (Fedorov et al., 2006) and the onset of glaciation in the Andes (Seltzer, 2007) . Climatic changes may have promoted repeated secondary contacts among otherwise geographically isolated taxa from different SDTFs and/or Yungas, resulting in hybridization and allopolyploidy, similarly to the tribe Paranepheliinae, Asteraceae (Soejima et al., 2008) . Polyploid F. penduliflora has the largest distribution range of the Andean taxa, reaching the 24 S latitude, with outliers in rock outcrops in the lowlands of the Brazilian Shield (Peters, 2009) , which fits the estimated and older Pliocenic origin. The relationship between polyploidy and enhanced colonization of F. penduliflora is striking and could be explained by increased heterozygosity, higher levels of diversity (i.e. higher number of alleles), tolerance against increased levels of selfing or robustness of genomes against mutations (Comai, 2005) . Additionally, if an allopolyploid origin is fully applicable, the combination of different genomes might add to adaptive potential (Barker et al., 2016) . A considerable extent of intraspecific genetic diversity in F. penduliflora is also suggested by chloroplast DNA and nuclear AFLP data (Wagner, 2012) . Hence, we conclude that polyploidy promoted the range shift and expansion of 'pre-adapted' F. penduliflora similarly to what was observed in Achillea borealis (Asteraceae) (Ramsey, 2011) and possibly also in Berberis (Bottini et al., 2000) and Solanum (Hijmans et al., 2007) . Alternatively, neutral demographic processes followed by the colonization of open niches or a recurrent formation of polyploids from diploids which do not exist anymore may also explain the current distribution pattern. Recurrent polyploid formation is, in our opinion, less likely but could be clarified using genetic methods with higher resolution.
In the rusbyi group, our data suggest that the first polyploidization event (i.e. after the separation of F. yuvinkae P-SR1) took place later on in the Pleistocene. We assume that polyploidization in this group occurred after dispersal into harsher habitats of the rock outcrops, given the contemporary presence of polyploids and diploids. Additional subsequent polyploidization events in the Pleistocene were probably associated with allopatric and parapatric speciation on the geographically isolated rock outcrops, creating a series of narrow endemics. The formation of unreduced gametes might have been triggered by environmental factors as previously shown in, for example, Solanum (McHale, 1983) . It is also noteworthy that two temporarily isolated polyploidization events led to the establishment of the morphologically uniform but cytologically (4x vs. 6x) and phylogenetically diverse species F. yuvinkae (P-SR1, RV4510).
Whether there is an increased adaptive potential and/or selective advantage of polyploids vs. diploids in the rusbyi group is an open question, because plants with different cytotypes are simultaneously present in the same climatic niche. Their rare occurrence and narrow distribution ranges may suggest an 'evolutionary dead-end' scenario for the polyploids in the rusbyi group, as advocated by Mayrose et al. (2011) and Arrigo and Barker (2012) . However, given that polyploidy apparently evolved several times independently in the Brazilian Shield, we consider it more likely that polyploidy contributes to the persistence of species in the newly colonized habitat. Small distribution ranges of these species could also be attributed to temporal constraints, i.e. their recent origin.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Table S1 : list of studied accessions and experiments. Table S2 : loadings of variables and proportion and cumulative proportion of the variance of the first five PCA axes on a full set of 19 climatic variables extracted for the genus Fosterella. Table S3 : correlation coefficients between 19 climatic variables extracted for the genus Fosterella.
